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ABSTRACT
STRUCTURAL ANALYSIS AND QUALITIY CONTROL
OF A MUON BEAM TRACKER
Andrew Behnke, MS
Department of Mechanical Engineering
Northern Illinois University, 2016
Nicholas A. Pohlman, Director

The Standard Model of Physics, although vast in its descriptive abilities, still leaves some
phenomena unsatisfactorily described. One such phenomenon is the discrepancy between the
theoretical and experimental values of the g factor of a muon. The Muon g-2 experiment is
being carried out at Fermilab in order to measure the g factor of a muon with an accuracy of 0.14
parts per million. One component of this experiment is the muon beam tracker system. In order
for the tracker to function properly, 128 mylar straws and tungsten wires in each of the 24 tracker
modules, must be positioned and tensioned correctly. In this thesis, structural analyses using
Ansys, a commercial finite element analysis program, are carried out in order to assess the
necessity of a carbon fiber support post. It is found that if the post is removed, then the tracker
deflects such that the tension in some of the straws and wires is lost. The post is deemed
necessary. Furthermore, material testing is done which proves that the post will not buckle or
fail during operation. A secondary aim of this thesis is to design a quality control test stand to
make measurements on the trackers and to check that they operate as expected. A design is
proposed which holds one tracker, two linear traverses and a radioactive beam detection system.
Validation of the design will occur when Fermilab receives the tracker modules.
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CHAPTER 1: INTRODUCTION

1.1 Experiment Background
In science, theory, when possible, should be backed up by experimental evidence. If the
experimental evidence is not in accordance with the theory, then there is reason to suspect that
the theory is wrong or incomplete. Such is the case with the anomalous magnetic moment of a
muon, which is defined as 𝑎𝜇 ≡ (𝑔 − 2)/2 [1]. The gyromagnetic ratio, g, is what is to be
measured in the Muon g-2 experiment, which is to be carried out at Fermi National Accelerator
Laboratory (FNAL) in Batavia, Illinois [2]. Theory predicts g should be almost 2, but past
experimental data shows that it is slightly different from that value, hence the experiment name,
‘g-2’ [2]. The Standard Model prediction and the experimentally determined value of 𝑎𝜇
currently differ by more than three standard deviations [1]. This discrepancy is enough to
suggest that theory and experimental evidence are not in accordance with each other. A five
sigma standard deviation between theory and experiment is considered to constitute a new
discovery [1].
The purpose of the Muon g-2 experiment is to determine 𝑎𝜇 with a precision of 0.14 parts
per million, a factor of four improvement in the 0.54 per million measured in a 2001 experiment
conducted in Brookhaven, New York [3] [1]. Should a five standard deviation difference be
found between the theoretical and experimental value of 𝑎𝜇 , that will signal the existence of
physics not previously addressed or allowed in the Standard Model, a prospect exciting to many
physicists [1].
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1.2 The Muon
Given that the concern of this experiment is the muon, a brief summary of the muon is
necessary. The muon is a particle that was discovered in the 1930s. It is categorized an
elementary particle and a second generation lepton. Such a categorization indicates that it is
related to the electron, with which it shares many properties. However, there are two significant
differences. First, the muon is approximately 200 times heavier than an electron. Second, the
electron is stable, while the muon decays in about 2.2 μs. Despite this sounding like a short
lifetime, it is sufficient enough for physicists to measure the desired properties of mass, lifetime,
and magnetic moment of a muon [4].

1.3 Precession
One of the most important quantities that will be measured in the Muon g-2 experiment is
the precession rate of the muon. A simple way to understand precession is to start by picturing a
spinning top. When the top is first released, it will spin on an axis perpendicular to the surface
on which it is rotating. If the top is bumped, then the axis of rotation of the body, which was
once perpendicular with the surface, will begin to rotate about an axis because the force of
gravity exerts a torque on the axis of rotation if it is not perfectly vertical. The axis of rotation of
the top will make a circular shape as the two rotations occur. This phenomenon is illustrated in
Figure 1.
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Figure 1: Precession of a spinning top [2]

The way that the top acts when bumped is analogous to the way a muon acts when placed
inside of a magnetic field. Particles have angular momentum, or a spin, like the top [2]. When a
muon is in a magnetic field, it will want to align its direction of spin the direction of the field.
Due to the particle already spinning, it can’t align with the field and it will begin to precess about
the axis of the magnetic field [2].

1.4 The Experiment
The major steps in the Muon g-2 experiment are summarized as follows:
1. Production of an appropriate pulsed proton beam by an accelerator complex.
2. Production of pions using the proton beam that has been prepared.
3. Collection of polarized muon from pion decay 𝜋 + → 𝜇 + 𝜈𝜇 .
4. Transporting the muon beam to the (g-2) storage ring.
5. Injection of the muon beam into the storage ring.
6. Kicking the muon beam onto stored orbits.
7. Measuring the arrival time and energy of positrons from the decay 𝜇 + → 𝑒 + ̅̅̅𝜈
𝜈𝜇 𝑒 .
8. Precise mapping and monitoring of the precision magnetic field. [5]
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For the purposes of this thesis, the physics details of the beam production (steps 1-3) are not
relevant, it is only important to note that they are happening. The rest of the steps are, in varying
degrees relevant to the work done in this thesis.
The storage ring, shown in Figure 2 during its assembly, is fifty feet in diameter and is
made of magnet steel and a superconducting coil and was used in the Brookhaven experiment [6]
[7]. Its relocation from New York to Fermilab in Batavia, Illinois was a major undertaking and
milestone in the Muon g-2 experiment [8]. Figure 3(a) shows the path of muon injection into the
ring and Figure 3(b) shows a cross section of the storage ring. For reasons which will be
explained in following sections, it is important to note the area on the horizontal mid-plane
labeled ‘muon beam’ in Figure 3(b). This portion of the ring also houses a vacuum chamber held
at approximately 10-6 Torr [9]. It is interesting to note that the ring will operate at around 5 K,
which allows it to become superconducting. It takes about ten days to cool the ring down to that
temperature [6].

Figure 2: Muon g-2 muon storage ring at FNAL [7]
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(a)

(b)

Figure 3: (a) Beam injection path (b) Cross section of storage ring [8]

Step 7 is the portion of the experiment that is the most relevant to this thesis. This step,
as well as the work done for this thesis, is both concerned with aspects of the tracking detectors.
While in the storage ring, the positively charged muons will decay into a positron and two
neutrinos. Devices inside of the ring are present to measure the position, energy, and other
information about the particle beam. Such devices include tracking detectors and calorimeters.
The tracking detectors measure the trajectory of the decay positrons, which is used to infer the
beam profile. The three tracker stations allow the decay of the beam to be monitored as it travels
around the ring. The calorimeters measure the energy and time of arrival of a positron at each
station [10].
Step 8 involves the maintenance of the magnetic field. “The rate at which the muon spin
turns relative to its momentum depends on the anomaly 𝑎𝜇 and on the average magnetic field
[5].” Given the large impact that the magnetic field has on the anomalous magnetic moment, it
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is important that the magnetic field be known very accurately. Therefore, the goal is to be able
to know the magnetic field to ±70 ppb [5].
After the experiment has been carried out and there is data available for analysis,
scientists will be able to determine if the experimental results are sufficiently different from the
theoretical expectation, allowing them to declare or deny a new discovery. Data gathering is
expected to begin in 2017.

1.5 Tracking Detectors
Throughout this section and the rest of this thesis, a tracking detector may be referred to
as a tracker, detector, or module. For the purposes of this thesis, there is no essential difference
between the terms. The purpose of the tracking detectors are “to measure the muon beam profile
at multiple locations around the ring as a function of time thought the muon fill [11].” Knowing
the position of the muon beam is needed because it provides information used for “ppm level
corrections to the muon precession frequency” as well as calculations pertaining to the “effective
magnetic field seen by the muon beam” [11]. The information provided by the tracking detectors
will also give insight into the systematic uncertainties which come from the measuring system
[11]. The tracking detectors will also indicate if “there is any tilt in the muon precession plane
away from the vertical orientation” [11].
Figure 4 shows some of the important dimensions of a tracker. Figure 5 shows a 3D
CAD model of a single tracker and the housing for the electronics associated with it.

Around

the storage ring there are three tracker stations, each consisting of eight trackers and one
calorimeter. Schematics depicting this are shown in Figure 6, which shows the storage ring and
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arrows indicating the location of the three tracker stations, and Figure 7, which shows, from left
to right, a vacuum pump, eight tracker modules, and a calorimeter.

Figure 4: Some tracker dimensions

Figure 5: Tracking detector module and readout electronics housing [11]
: Tracking detector and readout electronics housing [11]
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Figure 6: Location of tracker stations around the storage ring [11]

Figure 7: Layout from left to right of vacuum pump, trackers, and
calorimeter in the storage ring [11]
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1.5.1 Tracking Detector Theory of Operation
The problems explored in this thesis are related to the tracking detector. In order to
understand why these problems are being investigated, an understanding of the operation of a
tracking detector is necessary. As seen in Figure 5, there are five main sections to a tracker. The
box on the right is called the ‘flobber.’ The flobber contains electronics that are related to the
operation of the tracker and the data acquisition system. In the middle is the flange. The flange
bolts onto the outside of the vacuum chamber, holding the tracker in place. The top and bottom
sections to the left of the flange are called the gas manifolds. In between the gas manifolds are
128 mylar straws. A more in depth description of the gas manifolds and the mylar straws is
given below.
First, the mylar straws will be discussed. Figure 8 shows a schematic of a straw and the
parts immediately associated with it. Though often referred to as ‘mylar straws,’ the straws are
made of more than mylar. There are two layers of 6 μm mylar with 5 μm of adhesive between
them, a 500 Å layer of aluminum and a 200 Å layer of gold on the inside of the straw, and a 500
Å layer of aluminum on the outside [11]. The purpose of the inner layer of gold is to provide a
cathode layer. The outer layer of aluminum helps to provide electrostatic shielding and to
maintain the leak rate at an acceptable level [11].
At both ends of the straw there is an aluminum end piece with three primary functions.
First, they are used to position and attach the straws to the gas manifolds. Secondly, they
provide the straws with electrical contact inside the manifolds, which is required for operation.
Thirdly, they are used to provide a means to hold the sense wire [11]. A sense wire is made of
25 μm gold plated tungsten and is to be positioned in the center of the straw [11]. In order to
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remain taut and in position, during the assembly process, the sense wire is tensioned by a 50
gram weight and crimped into place [11].

Figure 8: Schematic of a tracker straw [11]

The top and bottom gas manifolds, which are made out of machined aluminum, have
several purposes. The first is to provide a means to hold the straws in position. This is
accomplished in by having holes in which the straws can be placed. Since the straws are made
out of thin material which can crease easily and since creases are undesirable, a means to hold
the straws taut without tearing them needed to be devised. The solution is implemented during
the assembly process. Jacks are used to hold the top gas manifold 70 μm below its nominal
position while all the straws are glued in place. After the gluing process is complete, the top gas
manifold is raised the 70 μm distance and bolted into place on the flange [12] . Secondly, the
manifolds, which are essentially hollowed out cavities, allow gas to be easily distributed to the
straws. The purpose of the gas will be discussed below. In addition to the cavities being a place
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for the gas to flow through, they will also house electronic cards connected to the sense wires,
which are required for data acquisition [11].
Now that an overview of each of the major components of a tracker has been given, it can
be explained how they work together in order to measure the distribution of the muon beam. To
begin, a 50:50 mixture of argon-ethane gas flows in one manifold, through the straws, and out of
the other manifold. This combination of gases was chosen because of its effects on the signal
gain. Next, the sense wires are held at 1800 V [11]. At this point, the trackers are ready to
detect the beam.
To illustrate how a straw works, the following explanation will utilize one particle and
one straw. In the experiment, many more than one particle will be present, but the operating
principle remains the same. In the experiment, by the time a particle reaches a straw it is no
longer a muon, but has decayed into a positron and two neutrinos. The neutrinos don’t play a
part in the detection process, but the positron does. After the decay, the positron travels in the
same direction with momentum less than the parent muon, causing the positron to be bent inward
towards the center of the storage ring.
As the positron travels, if there is a straw in its path, the positron will enter the straw as
shown in Figure 9(a). Once inside of the straw, the positron ionizes the argon, which produces
an electron. That electron then begins to drift toward the sense wire as shown in Figure 9(b).
When the electron is very close to the wire, an avalanche of electrons is produced, shown in
Figure 9(c). These electrons cause a current spike in the sense wire [13]. Finally, the ions travel
away from the wire and toward the wall of the straw as in Figure 9(d). The magnitude of and
time at which the current spike occurred are recorded by the data acquisition system.
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(a)

(c)

(b)

(d)

Figure 9: (a) Positron enters straw (b) Ionization and drift
toward wire (c) Electron avalanche and contact with wire (d)
Drift away from wire [13]

There is, however, a practical problem with using only one straw. The straws in this
experiment have a 5 mm diameter and a 77 mm sensing height. If only one straw is present and
a positron hits it, all that can be learned is when the positron hit the straw and that the particle’s
location was somewhere in the projected area of the straw. Given the large difference in size
between a particle and the projected area of a straw, this is not very informative. Because of this
problem, a special way of arranging 128 straws had to be devised.
The solution to this problem has three main components. First, the number of straws was
chosen to be 128. Secondly, the straws were arranged in a staggered pattern as seen in Figure
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10, which shows the underside of a gas manifold and the holes in the manifold into which the
straws are placed. As it can be seen, the four rows of holes are staggered. The purpose of this is
so that if a particle enters the tracker at any point along the horizontal axis (as positioned in
Figure 10) the particle will pass through and excite a combination of four straws. By knowing
which four straws were excited, scientists can determine the radial position of a positron with a
resolution of 100 μm [14]. When the data from several tracker modules is combined, the muon
decay position should be known to within millimeters. The third component of the solution
pertains to the vertical position of the beam. Even with the staggered straws, there is still no way
to determine where the beam is vertically. Because of this, the straws were separated into two
planes, designated U and V respectively. The difference between the two planes is that the U
plane, shown in Figure 11(a) is oriented +7.5̊ from the vertical and the V plane, shown in Figure
11(b) is oriented -7.5̊ away from the vertical [11]. This creates a grid like configuration, so the
analysis of what combination of straws get excited by the particle beam will give information
concerning the vertical position of the positron with a resolution of 750 μm [14]. Such an
analysis done with data from an equipment test yielded the plot shown in Figure 12. Red
indicates a high number of particle hits in that area, blue represents a low number of hits, and
white indicates no hits [15].
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Figure 11: Underside of a manifold showing staggered straw position

(a)
(b)
Figure 10 (a) U straw plane (b) V straw plane

Figure 12: Muon beam position reconstruction from test data [15]
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1.6 Thesis Objectives
Now that overviews of the purpose and method of the Muon g-2 experiment and of the
operation of the tracker detectors have been given, it is possible to discuss the objectives of this
thesis. There are two main objectives to this thesis. The first focuses on structural analyses of
the tracker in various situations. The second focuses on the design of a quality assurance test
stand for the tracker. In general, it can be said that the goal of this thesis is to ensure that a
tracker will work as expected following its production at University of Liverpool and its
shipment to Fermilab. The specifics pertaining to the goals, methods, and outcomes of structural
analyses and the quality assurance will be discussed in subsequent chapters. Chapter 2 focuses
potential deflections of the tracker manifolds that could reduce the straw and wire tension
described earlier. Chapter 3 discusses the design of a quality control test stand that scans the
tracker with a radioactive beam which will assess the performance of the tracker before its use in
the Muon g-2 experiment.
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CHAPTER 2: STRUCTURAL ANALYSIS
2.1 Structural Analysis Introduction
During the time in which work for this thesis was being done, the mechanical design of
the tracker was near the final stage. At this point, the maintenance of the tension in the straws
and sense wires after assembly became a concern. If any of the straws or wires lose too much
tension and begin to sag or curve, then problems with correctly reconstructing the muon beam
profile arise. Also, any wires not adequately in the center of the straws have the potential for
static discharge due to the high input voltage. In order to investigate this issue, several
simulations were done using Ansys, a finite element analysis software package, to probe the
structural properties of the tracker.
The tracker was modeled in several situations. First, the tracker and the applied loads,
which will be described below, were modeled under standard air pressure. Since the tracker will
be in a vacuum during operation, the next simulation explored how it will react in a vacuum
chamber. After the straw assemblies have been attached to the manifold, one of the next steps in
the manufacturing process of the trackers is to insert the ASDQ cards, which are circuit boards
pertaining to the data acquisition system. The ASDQ cards have sockets on them which mate
with an extension of the straw end piece. The third set of simulations investigated what sort of
deformations the tracker undergoes during the insertion and extraction process of a card.
A group working on another part of the experiment became worried that the carbon fiber
posts, seen on the right side of the trackers in between the manifolds in Figure 11, may get in the
way of the positrons decaying from the muon beam and cause the beam to scatter. If the
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positrons scatter or lose energy due to the presence of the structural rod, then reconstructing the
beam profile and measuring other qualities of the beam becomes a very difficult, if not
impossible, task. Because of this potential issue, the following questions were asked. Can the
carbon fiber post be removed without too much deformation resulting from its removal? If not,
then what carbon fiber posts with smaller dimensions are available? Is the smallest available
diameter able to be used without buckling? Simulations in Ansys and material testing were done
in order to answer these questions.

2.2 Finite Element Analyses
The simulation process began with an engineer at Fermilab whose results will be
summarized in section 2.2.1. Using that work as a guide, all subsequent simulations were carried
out by the present author.

2.2.1 Simulations with Carbon Fiber Post
In this set of simulations, the deformation of the tracker was found at several steps during
the life of a tracker. The purpose of doing so was find out what the magnitude of vertical
deformation is in relation to the 70 micron displacement used to tension the straws. If the
deformation was found to be too close to 70 microns, then modifications to the tracker design
would need to be made in order to reduce the deflection. If the deformation was found to be
significantly less than 70 microns, then there is no need to be concerned about the straws not
operating correctly due to issues with structural integrity. These simulations strive to replicate
the steps in the tracker manufacturing process that concern the gluing of the straws in place and
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the tensioning of the sense wires as well as how the tracker will respond when it is placed in
vacuum.
The first step in this part of the manufacturing process, as discussed in section 1.5.1, is to
hold the top manifold 70 microns below the nominal position using jacks as seen in Figure 13(a).
The straws are then glued in place. Once the glue is dry, the jacks are used to raise the top
manifold by 70 microns. The top and bottom manifolds are then bolted to the flange, a carbon
fiber post machined to the appropriate length and glued in place as shown in Figure 13(b).
Finally, a sense wire is attached to a straw insert on the top manifold, strung through the straw,
tensioned with a 50 g weight, and then crimped to the appropriate attachment point on the
bottom manifold [12] [16].

Figure 13: (a) Tracker in jacks (indicated by the yellow portions) (b) bolted to flange and
carbon fiber post inserted [16]
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The results of these simulations will be presented here. A discussion of the elements
used, meshing and boundary conditions will be given below as they pertain to the author’s
simulations, which although similar to the Fermilab engineer’s work, have some minor
differences in the choice of boundary conditions. It was found that after the assembly of the
tracker is complete and the tracker is in air, the maximum deformation of the bottom manifold
along the straw base is about 10 microns, as seen in Figure 14. The deformation is nearly
symmetrical, so the top manifold behaves in the same way [16]. This means that at maximum,
there is a loss of 20 microns of space between the manifolds. This deformation is not uniform
because at the center of the manifold there is the least amount of vertical support and the most
force pulling it inward.

Figure 14: Y deformation of bottom manifold after assembly and in air [16]
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Next, the assembled tracker in a vacuum was simulated. Again, the results were
symmetrical and can be seen in Figure 15. Since there is pressure inside of the manifolds, it
causes them to expand, increasing the amount of deformation. The maximum deflection along
the base of the straws is about 22 microns, while the underside deflects a maximum of about 40
microns [16]. This means that there is a maximum reduction of about 44 microns in space
between manifolds. This behavior was deemed acceptable by the physicists working with the
trackers

Figure 15: Y deformation of bottom manifold after assembly
and in vacuum [16]
.
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2.2.2 Simulations With No Carbon Fiber Post

When the concern arose that the carbon fiber post may cause the positrons produced from
the muon beam to scatter, then the question of what will happen to the tracker if the post is
removed was posed. If there is too much loss of tension in the straws and the sense wires, then
the trackers won’t work properly. Therefore, a set of simulations with the carbon fiber post
removed were done.
Before beginning to apply boundary conditions, some simplifications were made to the
geometry. The straw inserts and wires shown in Figure 8 were removed. This is because their
small and complicated geometries would have been difficult to mesh. It was also suggested that
the straw inserts won’t have a significant effect on the structure. The tension from the wires can
be accounted for by applying forces in the appropriate spots. For this model, 10 node solid187
elements were used to mesh the manifolds and 20 node solid 186 elements were used to mesh the
straws. These are typical elements used for the modeling of solids and are well suited for
approximating complex geometries. The solid187 elements are tetrahedrons, which can model
awkward geometries, such as those present here. The solid186 elements are brick shaped,
making them more suitable for modeling simpler geometries like the straws. Each node has
three degrees of freedom: translation in the x, y, and z directions. The manifolds were meshed
with a free mesh. The size was controlled using body sizing. The straws used a swept mesh, the
size of which was controlled using edge sizing. Bonded contact was used between the ends of
the straws and the manifolds to simulate the straws being glued to the manifolds. Contact
settings were left to be program controlled. A convergence study was done and is shown in
Figure 16. It can be seen that even as the number of elements doubles, the maximum
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deformation changes only by about 0.7 microns, indicating that the solution is converged.
Although it does not look converged, if the scale of the y axis is looked at, it can be seen that the
points are actually quite close to each other. The medium sized mesh was chosen for this study.
Various views of the mesh are shown in Figure 17, Figure 18, Figure 19, and Figure 20.

Figure 16: Mesh convergence chart

Figure 17: Full model mesh
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Figure 18: Straw mesh, swept solid186

Figure 19:Manifold mesh, free solid187
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Figure 20: Close up of manifold mesh

The setup for these simulations was done as follows. The first step in the assembly
process is to glue the straws in place and then raise the top jack 70 microns. The jacks were not
included in the finite element analysis. Rather, on the areas that the jacks touch the manifolds,
selectable faces were created as seen in Figure 21. This allowed the displacements imposed by
the jacks to be applied to those faces. The boundary conditions to simulate the jacking process
are shown in Figure 22. On each of the faces there is a remote displacement condition. On the
bottom manifold the x, y, and z displacements are set to zero because the jacks will not move the
bottom manifold. On the top manifold the x and z displacements are set to zero because the jacks
should not allow motion in the x or z directions. The y displacement is set to 70 microns
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Figure 21: Selectable faces

Figure 22: Boundary conditions to raise top manifold 70 microns
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The simulation was then run. The y direction deformation, seen in Figure 23 is almost as
expected. The top manifold has risen by about 70 microns and the bottom manifold has not
moved. On the top left side, the deformation is 71.6 microns, slightly higher than expected. This
can be explained by thinking of the top of the jack as a fulcrum. If the straws are pulling inward,
then the jack provides a pivot point, allowing the left side to rise slightly. Here it can be noted
that the maximum deformation at the base of the straws, shown in Figure 24, is 4.7 microns. As
there are several more steps until the end of the assembly process, no in depth analysis will be
given of the straw base deformations at this point.

Figure 23: Y deformation after top manifold has been risen 70 microns

Figure 24: Y deformation of the underside (‘straw base’) of a manifold
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The next step in the assembly process is to bolt the manifolds in place and to tension the
sense wires. The average displacements of the backs of the top and bottom manifolds were
noted for use as boundary conditions. The average y displacement (the x and z displacements
were so small as to be negligible) of the back of the top manifold was 71.105 microns and the
average y displacement of the back of the bottom manifold was -0.189 microns. These
displacement values were applied as remote displacements to the backs of their respective
manifolds. Since at this point the manifolds are bolted to the flange, the x and z displacements
were set to zero. After the manifolds are bolted in place, then the wires are tensioned.
To turn 50 g into a force, it must be multiplied by the acceleration due to gravity. Since
the wires are at an angle, the force must be broken into components. This value was then
multiplied by 64, which is half of the number of straws. Since half of the straws are at +7.5 and
the other half are at -7.5, so the sign of the x component will be different depending on if the U
or V layer is looked at. The x component of the force of 64 straws is +/-4.096 N and the y
component for 64 straws is 31.113 N. This was done because the straw tips on each quadrant
(left and right sides on the top and bottom) were made a named selection so they would only
have to be selected once. Selecting 128 x 2 faces is a very tedious process. These boundary
conditions can be seen in Figure 25. The force of 64 of the wires was distributed across the tops
and bottoms of the straws. The tops and bottoms of the straws were chosen because this is where
the straw inserts, to which the wires are attached, are in contact with the straws in the real
tracker. With these boundary conditions, the total deformation was as seen in Figure 26.
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Figure 25: Boundary conditions to lock manifolds and tensioned
wires

Figure 26: Deformation of tracker with manifolds locked and
sense wire tension
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The deformation at the base of the straws is shown in Figure 27. Care must be taken in
interpreting the deformation on the top manifold. Recall that there is an imposed 71 micron
displacement. The position at which the top manifold is at after that displacement should be
regarded as a zero point. Therefore, the deformations shown in Figure 27 (b) should be
interpreted as the difference from 71.1 microns. The minimum deformation of 16.1 microns
really means that the end of the top manifold deflected downward 55 microns. The deflections
along the straw base are plotted Figure 28 in order to more clearly see the variations in the
deflection. The y axis represents the vertical distance along the tracker, with 0 being the vertical
center of the tracker. The scale along the y axis has been altered to make the deformation shape
more obvious. The deformations are taken from path along the straw bases, the areas shown in
Figure 27. The maximum deflection inward from the top and bottom manifolds is about 55
microns, meaning that there is a 110 micron reduction in space between the manifolds. The
amount of deflection is not acceptable.

(a)
(b)
Figure 27: (a) Straw base deformation bottom (b) Straw base deformation top
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Figure 28: Deformed Y Position Along Straw Base vs. X Position In Air

The final step in this analysis was to simulate the assembled tracker in a vacuum. The
gas that flows through the tracker is at 1 atm and it is assumed that the vacuum is perfect at 0 torr
(0 atm), so a pressure of 103421 Pa (15 psi ≈ 1 atm) was applied to all of the inside surfaces in
addition to the previously discussed boundary conditions. The boundary conditions can be seen
in Figure 29.
Figure 30 shows the assembled tracker deformation after it has been placed in vacuum. It
can be seen that the internal pressure causes the top of the manifold to deform the most. Figure
31 shows the deformation at the straw bases. The same method of deformation interpretation as
Figure 27 must be used. The maximum deformation is about 34 microns. This means that there
is a reduction of 68 microns of space between the manifolds. Figure 32 shows a plot detailing
the deformation. The scale along the y axis was altered in order to clearly show the deformation
shape. It can be seen that rather than being sloped lines as is the case when the tracker is in air,
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the deformation shape is a curve. This is because of the internal pressure. The deformation
decreases toward the end of the right side of the x axis because the amount of material in the
manifold increases after the straw wells, which reduces the deflection due to the internal pressure
in that area. As the maximum amount of reduction of space between the manifolds is nearly
equal to the applied displacement, it is not acceptable.

Figure 29: Boundary conditions when tracker is placed in vacuum
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Figure 30: Total deformation of tracker in vacuum

(a)
(b)
Figure 31: (a) Straw base deformation bottom (b) Straw base deformation top
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Figure 32: Deformed Y Position vs. X Position in Vacuum

While the manifold was designed to rigidly hold the straws in place, it is clear that the
deformations that occur without the structural support of the carbon fiber post affects the tension
of the straw tubes in an undesirable way which occurs both when the tracker module is in air and
in vacuum. In conclusion, this portion of the study showed that the presence of the carbon fiber
post is necessary to avoid unwanted straw deformation.
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2.3 Finite Element Analysis of ASDQ Card Insertion and Removal
After the question of the necessity of the carbon fiber post was settled, the next series of
simulations sought to assess the deformation of the tracker that results from the insertion of the
ASDQ cards, which are electronics that communicate with the data acquisition system when a
straw is hit. An ASDQ card inside of a tracker is shown in Figure 33. It can be seen that on the
card there are 16 bumps. Those bumps are sockets which snap onto to the ends of the straw
inserts. It takes 130 gf (gram force) to snap the socket in or out of place [17]. If this force is
converted to Newtons, then it is 1.275 N. The force needed to insert or remove one card is 20.4
N. It takes four ASDQ cards to cover a row of straws.

Figure 33: ASDQ card in a tracker

When the author asked those who deal with the ASDQ cards how the tracker is held
during insertion, no clear answer was given. This made selecting boundary conditions somewhat
of a nebulous affair. It seemed sensible that a good way to insert the ASDQ cards would be to
secure the tracker by the flange and then insert the cards. Doing this minimizes the possibility of
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the tracker slipping out from under a technician’s hands while applying force to it. With this
assumption made, the setup of the simulation could begin.
The same geometry simplifications as the previous simulations were used. However, two
important changes had to be made. First, the flange needed to be included. Secondly, the plate
on the top of the tracker had to be taken off since the cards can’t be inserted or removed with it
on.
The boundary conditions are shown in Figure 34. It can be seen that the tension of the
sense wires is present, the holes in the flange are all held in place by cylindrical supports which
simulate bolts and a downward distributed force of 20.4 N is applied to the first 16 straw ends to
represent the insertion of an ASDQ card.
A convergence study was done with the boundary conditions to find a suitable mesh for
the model. The manifolds and flange were meshed with solid187 elements and the straws were
meshed with solid186 elements as before. The meshed flange can be seen in Figure 35. Since
the manifolds are bolted to the flange, it was possible to make the manifolds and the flange one
body. The matched up mesh confirming that they are one body can be seen in Figure 36. The
meshed manifold and a close up without the cover are shown in Figure 37 and Figure 38. The
convergence chart is shown in Figure 39. It shows that the solutions converges as the number of
elements increases. The second mesh with 437710 elements was chosen.
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Figure 34: First ASDQ card insertion boundary conditions

Figure 35: Mesh flange
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Figure 36: Mesh where manifold meets flange

Figure 37: Meshed manifold with no cover
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Figure 38: Close up of manifold with no cover mesh

Figure 39: Convergence chart for ASDQ study
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The results of this study will be presented in several parts. First the total deformation of
the tracker when each card is inserted and removed will be compared. Next, the deformation of
straw bases on the top and bottom manifold will be compared. Finally, an interpretation of the
results will be given. For reference, the cards are labeled 1-4. Card 1 corresponds to the card
closest to the carbon fiber post. Card 4 corresponds to the card nearest to the flange.
The total deformation of the tracker caused by the insertion and removal of cards 1 and 4
is shown in Figure 40, and Figure 41. Note that red corresponds to the magnitude of deformation
only and not the direction. If the card is being inserted, red should in most cases be considered
as going down. The opposite is the case for the removal of a card. Table 1 summarizes the total
deformations. The values listed are the magnitudes of the deformation. If the card is being
inserted, the deformation is downwards. If it is being removed, it is upwards. It can be seen that
the amount of deformation decreases as the cards get closer to the flange. This is expected since
the flange is the fixed area and as the force gets closer to the fixed area, the manifold cannot
deflect as much as it can at the free end. When the patterns of deformation are looked at, it can
be seen that as the cards get closer to the flange, the effects of the insertion or removal forces
becomes less and the deformation due to the wire tension becomes more prominent.

Table 1: Total Deformation Due to the Insertion and Removal of ASDQ Cards 1-4
Card
Insertion
deformation (μm)
Removal
deformation (μm)

1

2

3

4

22.0

16.7

12.6

8.8

26.0

18.0

11.0

6.5
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(a)

(b)
Figure 40: (a) Card 1 insertion total deformation (b) card1 removal total deformation
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(a)

(b)
Figure 41: (a) Card 4 insertion total deformation (b) Card 4 removal total deformation
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Next, the deformations at the straw bases on the top and bottom manifolds when insertion
and removal forces for cards 1 and 4 are present are shown in Figure 42 through Figure 45.The
results are summarized in Table 2 which shows the maximum magnitude of the y direction
deformations.

(a)

(b)
Figure 42: Straw base deformation card 1 insertion (a) bottom manifold (b) top manifold
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(a)

(b)
Figure 43: Straw base deformation card 1 removal (a) bottom manifold (b) top manifold
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(a)

(b)
Figure 44: Straw base deformation card 4 insertion (a) bottom manifold (b) top manifold
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(a)

(b)
Figure 45: Straw base deformation card 4 removal (a) bottom manifold (b) top manifold
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Table 2: Straw Base Y Deformation Due to the Insertion and Removal of ASDQ
Cards 1-4
Card
Max. Top Y Def.
Insert (μm)
Max. Top Y Def.
Remove (μm)
Max. Bottom Y
Def. Insert (μm)
Max. Bottom Y
Def. Insert (μm)

1
-20.187

2
-15.979

3
-11.849

4
-8.277

19.426

13.356

9.4326

4.091

-15.727

-9.652

-4.3655

2.7053

20.689

14.614

8.08

6.2056

These results follow a similar trend as the total deformation. As the cards get closer to
the flange, the effects of the wire tension influence the deformation shape more than the card
insertion or extraction forces. Inspection of the deformation patterns revealed that the amount of
deformation should not be a cause for concern. The net change in distance between the
manifolds along the straw bases is typically between about 1 and 5 microns. When the first two
cards are inserted or removed, the bottom tends to move in the same direction as the top. When
the last two cards are being removed or inserted, the manifolds tend to bow inward because the
tension of the wires has more influence in the center because one end is held by the flange and
the other is separated by the carbon fiber post. In conclusion, if the ASDQ cards are inserted or
removed when the tracker is secured by the flange, then the deflections should not be a cause for
alarm.
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2.4 Material Testing
Since it was shown that the carbon fiber post is needed in the tracker, it was necessary to
verify that the carbon fiber posts will not fail under the load created by the tensioned sense wires.
This validation process consisted of two main parts. First, compression tests were done on two
different types of carbon fiber rods. The data obtained from these tests provide the modulus of
elasticity in the direction of loading as well as the approximate force, as well as stress, at which
failure occurred. Secondly, the experimental results were compared to a buckling simulation and
tracker simulations. This comparison is what allows the possibility of failure to be determined.

2.4.1 Experimental Setup
The University of Liverpool, the institution that is manufacturing the trackers, sent
Northern Illinois University samples of two types of carbon fiber posts, pultruded and woven,
that they were considering using. The difference between the two types of carbon fiber posts is
the orientation of the fibers. In the pultruded post, the fibers were unidirectional in orientation,
while in the woven post the fibers are woven in an alternating 0̊ and 90̊ pattern [18] [19]. The
different orientations of the fibers allows for different stiffnesses in different directions. Due to
the length of the samples sent by the University of Liverpool, only two testing samples could be
cut from each type of carbon fiber, one 85 mm post, which is the active length of the carbon fiber
post in the module, and a shorter piece, each approximately 35 mm. The outer diameter of the
posts was 8 mm in the inner diameter was 6 mm. Because buckling is dependent on the active
length, it was noted that only the 85 mm samples can be used in the buckling analysis.
Next, test fixtures, as shown in Figure 46, were manufactured to hold the posts in place in
a way similar to how they will be held in place in a tracker. This is important since buckling is
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also dependent on the end conditions of the specimen. The pin on the end of the fixtures is used
to hold the post in place during the test. These test fixtures are pinned inside of a Material
Testing Systems (MTS) machine with the post between them, similar to the configuration shown
in Figure 47.

Figure 46: Compression test fixtures

Figure 47: Compression Test
Fixture Configuration

After the fixtures were made and the samples cut to length, the tests were carried out. In
the tests, the bottom fixture was kept fixed in place while the top fixture was subjected to a
compressive force. The MTS machine recorded the amount of force that was applied and the
change in length of the sample. From this data, as well as the original length and cross sectional
area of the samples, stress-strain curves could be produced.
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2.4.2 Material Testing Results
The stress-strain curves produced can be seen in Figure 48. These graphs can each be
divided into two main regions. The first of which is the region in which the data points describe
a direct linear relationship between stress and strain. The slope of this region corresponds to the
modulus of elasticity (E), which can be described as a measure of the stiffness of a material [20].
The second region can be most easily described as the portion of the graph that follows a nonlinear trend. This region corresponds to the plastic behavior and the failure of the material.
Observation of the data reveals that the nonlinear portions of the curves tend to ‘wander around’
rather than quickly dropping off. A precipitous drop off in stress would indicate a catastrophic
failure; the fluctuations in stress indicate a different behavior at failure.

Figure 48: Stress-Strain curves for short and long pultruded and woven carbon fiber
samples
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Once the samples were removed from the MTS machine it could be seen that rather than
cracking or buckling as expected, the samples had all begin to ‘mushroom out’ on one end, as
seen on the right sides of the samples in Figure 49. It was noted that the failure always occurred
on the end of the sample which was cut by the machine shop at NIU. This may suggest that the
cutting method that was employed weakened or loosened the matrix material between the fibers,
making it easier for the fibers on those ends to become separated. On the opposite ends, which
were cut by the manufacturer, it can be seen that they began to bulge as well, suggesting that the
separation of fibers was going to happen regardless of how the cut was made, but at a higher
applied load.

Figure 49: Carbon fiber posts after failure (top two pultruded, bottom two woven)

51
2.4.3 Analysis of Results
To determine the modulus of elasticity in the direction of loading, a line of best fit was
fitted to the linear region of each of the curves because the slope of the linear region corresponds
to the value of the elastic modulus. Data points were added or removed until the coefficient of
determination (r2), a measure of the goodness of the fit, was as close to one as possible. In all
four cases, the r2 value was 0.999, indicating that the line fit the data very well. A typical line of
best fit can be seen in Figure 50. The values found in this process are summarized in Table 3.

Figure 50: Typical example of finding a line of best fit

These results show that on average the woven carbon fiber has a higher modulus of
elasticity than the pultruded carbon fiber. It should be noted that the yield stress is approximate
because it is not always clear on the graphs exactly where yielding began.
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Table 3: Summary of material testing results
Woven
Short

Woven
Long

Pultruded
Short

Pultruded
Long

Average
Woven

Average
Pultruded

E (Pa)

1.41E+11 2.51E+11 9.92E+10

6.00E+10

1.96E+11

7.96E+10

Approx.
Yield Stress
(Gpa)

1

1

1

1

1

1

With the experimental data showing that the fibers would begin to separate before the
posts buckled, but since there was good reason to suspect that this was so because of the way the
posts were cut and because of an inability to acquire any more of the correct type of carbon fiber,
a simulation in Ansys was done to see when an ideal post would buckle. Ideal in this case means
a material with the same stiffness as the physical carbon fiber, but it does not take into
consideration that carbon fiber is actually several layers of material glued together, a composite
rather than a homogeneous material. Because of this assumption, it was expected that the critical
buckling load would be much higher than the load seen at failure in the axial loading experiment.
The simulation was set up with the boundary conditions seen in Figure 51. The boundary
conditions are similar to those that would be seen in the compression test. There is a fixed
support on the bottom face, the top face is constrained in the x and z directions while the y
direction is free, and there is a 1 N compressive force applied to the top face. The reason for the
load being 1 N is that a buckling analysis in Ansys scales all of the applied loads and gives the
critical buckling load as a multiple of the applied load. So, if, as is the case here, the applied
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load is 1 N, whatever load multiplier comes out as the result will be the critical buckling load
[21].

Figure 51: Buckling analysis boundary conditions

The model was meshed using a mapped face mesh with edge sizing used to control the
size of the elements. The type of element used was Solid186. A convergence study was done
and found that there was no change in the load multiplier value when meshed with 1914
elements and 15224 elements, meaning that either mesh is acceptable. Multiple views of the
finer mesh can be seen in Figure 52.
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Figure 52: Various views of the carbon fiber post mesh

This model showed that the load multiplier for the first mode of buckling is 34358 N. It
should be noted that this number is an overestimate due to the material idealization and the
nature of the type of simulation [21]. The mode shape, shown in Figure 53 is an approximation
of the shape the post will assume around the time it buckles.
A simulation of the tracker done by a Fermilab engineer showed that the normal stress (in
the axial direction) in the post is at most 12 MPa. The stress at which the carbon fiber posts
began to fail in the compression tests was approximately 1 GPa. This means that the posts can
withstand about 80 times the stress they will be exposed to. Therefore, it can be said with
reasonable confidence that carbon fiber posts of the tested dimensions will perform adequately
and should not fail or buckle in operation. Correspondence with the University of Liverpool
indicated that carbon fiber posts with smaller dimensions were not available from their vendor.
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Because of this, no further studies concerning the optimization of the dimensions of the carbon
fiber post were necessary.

Figure 53: First buckling mode shape

2.5 Summary of Structural Analysis

The structural analyses done on the tracker using finite element analysis provided insight
in to the behavior of the manifolds and the straws when forces are applied to the tracker module.
It was found that if the carbon fiber support post is removed, then some of the mylar straws will
lose their tension, causing the tracker to not work properly. Therefore, it was determined that the
carbon fiber post is necessary. It was also determined through material testing and finite element
analysis that the carbon fiber post will not fail during operation. Furthermore, it was determined
that if the ASDQ cards are inserted or removed when the module is supported by the flange, then
the module will not experience excessive deformation.

56

CHAPTER 3: QUALITY CONTROL OF A MUON BEAM TRACKER

3.1 Quality Assurance Introduction
It can be surmised from the discussion in Chapter 1 that the Muon g-2 experiment is
operating on a large scale. There are many collaborators and much time and effort has been put
into the planning and execution of each of the various components of this experiment.
Therefore, it is important for each group in the experiment to verify that the component(s) they
will deliver to the experimental hall function as expected upon arrival. This chapter describes
the development of a device to verify the expected operation of a tracker.
The objectives of this device, referred to as a quality assurance test stand, are to verify
that the electronics collect the desired information when the gas inside of a given straw is
ionized, record the position of the sense wires relative to a fixed point, and to record the position
of the straws relative to a fixed point. If the fixed point is where the flange attaches to the
vacuum chamber, then the alignment of the tracker’s sensing straw to the positron’s decaying
orbits will be possible. The initial specification was to know the position of the wires to within
10 μm. The feasibility of this was doubted early on in the development of the test stand and goal
was adjusted to about 200 μm. At the time of the writing of this thesis, this goal has not been
tested. Knowing that each of the straws, along with their associated sense wires and electronics,
functions properly before being placed in the ring helps prevent gathering bad data that would
result from non- or malfunctioning components in the tracker.
Throughout the design of the test stand many of the engineering specifications were
modified as the physics of the detector system became better understood. As such, the design
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went through many changes. What is presented here is the current iteration, which will closely
resemble the fabricated device.

3.2 Test Stand Theory of Operation
It is necessary to discuss on a basic level the physics behind the test stand in order to
appreciate the specifications and constraints. Physicists decided that while a tracker is in a test
stand it should be hit, at separate times, with a beam from a Sr-90 source and a beam from an Fe55 source. The purpose of the Sr-90 source is twofold. First, it will verify whether or not the
tracker is operational. Secondly, it will allow the location of the sense wires to be determined
relative to a fixed point. These are accomplished in the following way. A Sr-90 source emits
electrons at a range of energies. The electrons at lower energies scatter in air and become useless
for purposes of the test stand. The electrons at higher energies can pass through the air until they
hit a straw, at which point a process very similar to the one described in Chapter 1.5.1 and shown
in Figure 9 occurs. When the tracker electronics respond to a hit, this indicates that the tracker is
operational. If it is known that particles are being shot at the tracker, but there is no response
from the tracker electronics, that shows that there is a problem that needs to be fixed before the
module is used in the experiment [22].
On the end of the beam opposite the source, there is a piece of scintillating material that
generates photons when exposed to radiation. Attached to the scintillator is a silicon
photomultiplier (SiPM). A SiPM is a sensor that is sensitive to photons, so when a photon hits it,
a signal is sent to a data acquisition system which records the time at which the hit occurred.
When the particles from the Sr-90 source hit the scintillator, the scintillator produces photons,
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the SiPM senses that the photons have hit it, and finally a signal is sent to a data acquisition
system recording when the hit occurred [22].
The time at which the sense wire is hit is recorded by a separate set of electronics within
in the tracker. If the time at which the sense wire is hit is compared to the time at which the
scintillator is hit and that time difference plotted against the location of the beam, then a plot like
the one shown in Figure 54 can be produced. When the data is processed and a line of best fit is
produced, then the minimum of that line corresponds to the location of the sense wire. If the
location of the beam is known relative to some fixed point, then the location of the sense wires
can also be known relative to that same fixed point. If that fixed point corresponds to some
feature on the ring, then the positions of the sense wires within the ring can be known. It is
important to note that the shape of the beam influences the certainty with which the location of
the sense wire is known. The size and shape of the beam can be adjusted using a collimator. A
collimator is simply a hole or slit in a material sufficiently thick enough to allow particles to pass
only through the opening and not through the material itself placed in front of the beam. Physics
simulations suggest that a collimator 3 mm long, 1 mm wide, 4 mm thick, and aligned at 7.5̊
from the vertical with the sense wires will give acceptable measurements [22].
The purpose of using an Fe-55 source is to be able to determine the location of the straw
walls. If the beam diameter is smaller than the distance between two straws, then the beam can
be moved until the tracker electronics indicate that there was a hit. The location of the beam
relative to a fixed point where hits first begin to be registered corresponds to the location of the
straw wall relative to a fixed point. Hitting the straws with a beam from an Fe-55 source will
also be able physicists to determine the gain, the ratio of output to input, of the signal [22] [23].
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Figure 54: Relative Time Between Wire and Scintillator
Hits vs. Beam Position [23]

3.2.1 Specifications
With the parameters to be measured on the trackers and the method of doing so
established, specifications regarding mechanical design for the test stand were put forth. Many
of these specifications were not present at the outset of this project. Some were added or revised
as more was known about the physics of the system or were found to infeasible from an
engineering standpoint. The most recent set of engineering specifications includes the following.


The tracker should be secured a way that simulates how it will be secured to the vacuum
flange in the ring.



The beam produced by the radiation source should be orthogonal to the sense wires.



The component holding the source producing the beam should be able to travel in a plane
that is parallel to the straws.



The devices that hold the source, collimator, scintillator, and SiPM should not be any
closer than 10 mm to the straws in the horizontal direction. This is a safety precaution to
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avoid accidentally damaging the straws. The system would work better if the
components were closer to the straws. (See Figure 55 (b), the devices should not enter the
area between the orange lines)


The beam should be able to scan over all of the straws.



The beam should be able to get vertically within 10 mm of the ends of the straw inserts.
(See Figure 55 (a), the orange plane shows the largest desired area of coverage, however
the vertical distance is allowed to be reduced within reason.) The closer to the straw
insert tips, the better.



The collimators should be able to rotate +/- 7.5̊ in discrete intervals (i.e., there is no need
to stop at 2˚.)



The collimators should be 1x3x4 mm.



The scintillator should have a 3x3 mm cross section with a length as short as possible.



The scintillator should be located as close to the collimator as possible.



The circuit board with the SiPM and SiPM readout should be the Sensl MicroFJSMPTA-30035 [24].



One of the collimators should be adjustable in the horizontal and vertical directions,
preferably the collimator closest to the beam source.
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(a)

(b)

Figure 55: Bounds of beam coverage and components placement

3.3 Mechanical Design
The design process proceeded by addressing the specifications in the order that they were
least likely to change. This meant starting with designing a frame to hold the tracker and
ensuring on a gross level that the desired area could be covered by the beam. Once these things
were determined, then a way to hold and position the source, collimator, scintillator, and SiPM
was found. It was required to design these parts in accordance with the specifications and so that
collisions would be avoided, a problem which was often present due to the small area that was
available to work in.

3.3.1 Frame
The first component to be designed was the plate to hold the tracker in place in the test
stand. The specifications state that this plate should simulate the walls of the vacuum chamber in
the ring. To do this, the detailed drawings of the vacuum chamber walls, shown in Figure 56
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were considered. Each of the eight holes, into which a tracker will be placed, is 140 mm high
and 80 mm wide. The thickness of the walls at each of the openings varies. At its thinnest, the
wall is about 25 mm. What bolts to the faces of each of the openings is what is referred to as a
flange. A flange is shown in Figure 57. As it can be seen there is are 20 holes around the
perimeter of the flange, two of which, one on the top and the other on the bottom, are smaller
than all of the others. The larger holes are M6 clearance holes and the smaller holes have a 5.01
mm diameter and a 0.05 mm positional tolerance. These smaller holes are used for a slip fit onto
placement pins, which ensures that the tracker is positioned precisely.
With these pieces of information, a component to hold the tracker could begin to be
designed. A slab of aluminum 25.4 mm thick with an opening 140 mm long and 80 mm wide for
the tracker to fit through and with a bolt hole pattern that matched the flange so that the flange
can be bolted to this slab was necessary, however those features do not complete the design of
the plate.

Figure 56: Tracker station vacuum chamber walls
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Figure 57: Hole pattern of flange at the end of a tracker
module. The small positioning holes are noted by arrows.

It was decided that in order to allow for adjustability of the position of the tracker, the
plate would not be bolted directly to the frame. The plate was instead bolted to four blocks with
slots rather than holes. These slots allow the bolts to slide so the position of the plate can be
altered. The final design of the plate and the blocks to attach it to the frame can be seen in
Figure 58.

Figure 58: Attach Plates (not to scale relative to each other) and Assembly
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The plate must be held vertically relative to gravity, therefore a frame to hold it in such a
way needed to be designed. In order to design the frame, other aspects of the specifications had
to be considered. It is required that the radiation source and detector be able to scan across the
straws, so the frame needed to be able to support devices to carry both in careful alignment.
These devices are two Velmex X-Slide linear traverses provided by Boston University, which is
among the many collaborators on the Muon g-2 experiment.

The traverses that NIU received

were labeled XN10-0040-E01-71 and XN10-0180-E01-71. These labels indicate that the
traverses have nut/screw drives, that one has a 4 in travel length and the other has an 18 in travel
length, and that the lead screw in each has a 0.10 inch advance per turn [25]. Velmex quotes the
repeatability of the traverses to be 0.0001 in and the straight line accuracy to be 0.003 in over the
entire travel distance [25]. Furthermore, the traverses have weight limits. Although it was not
expected that any of the components that will be fastened to the traverses would exceed those
limits, it was necessary to note that there are limits in place. Figure 59 shows an example of an
18 in XSlide.
Typically, when designing, it is desirable to remain in one system of measurements.
However, as it can be seen above, the tracker was designed using SI units while the traverses
were designed using English units. Throughout the design process, units had to be kept track of
in order to ensure that all components would fit together as desired.
The maximum area of coverage required shown in Figure 55(a) is about 77 mm (3.03 in)
high and 206 mm (8.11 in) long. If the two traverses are connected in an orthogonal orientation,
then it is possible to cover this area. The 18 in traverse can cover the horizontal distance and the
4 in traverse can cover the vertical distance. Early on it was thought that the extra horizontal
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distance it would allow two trackers to be mounted on the test stand at the same time, which
would reduce testing time. As the design progressed, however, it was found that this would be
impractical due to space limitations and potential alignment issues.

Figure 59: 18 in Velmex XSlide [25]

With knowledge of what the frame had to hold, the plate onto which the flange is bolted
and the traverses, the planning of the frame could be carried out. Because of its versatility and
relative ease of use, 40 mm x 40 mm slotted extruded aluminum was chosen as the material for
the frame. The height and width needed to be chosen to hold the assembly seen in Figure 58 and
the length needed to be chosen such that it can adequately accommodate the length of the 18 in
traverse and its mounting hardware. It was found that the three lengths of extruded aluminum
that would meet the requirements were 300 mm, 330 mm, and 570 mm. A model of the
assembled frame can be seen in Figure 60.
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Figure 60: CAD model of extruded
aluminum frame

When the extruded aluminum was cut by the machine shop, there was a mix up in
materials. Rather than cutting 40 x 40 mm extruded aluminum, 1.5 x1.5 in extruded aluminum
was cut. There is a 1.89 mm difference between the two with the 1.5 x 1.5 in being the smaller
of the two. Due to the size of the slots in the attach plates, this reduction in size could be
compensated for at the expense of a reduced amount of adjustability, which allowed the
assembly of the test stand to continue without having to cut different material. This incident also
further compromised the use of metric units because any hardware that needs to be attached to
the frame would need to be in inches. At this point, all of the components so far discussed were
cut and assembled. The assembly is shown in Figure 61. Note that this picture is from when it
was believed that two trackers could be tested at a time.
Next, it had to be determined how the traverses should be mounted to the frame in such a
way that allows their overall positions to be adjusted as necessary and that they are able cover
the required area on the tracker. The scheme devised for doing so is shown in Figure 62. An
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explanation of the major features is as follows. The bar of extruded aluminum is the length of
the frame and will be attached to the frame using brackets which will allow the assembly to slide
along the width of the frame. In order to mount the 18 in traverse, a plate is slid into the groove
in the extruded aluminum and held in place using the brackets shown in Figure 62(c). These
brackets can permit the plate, with the traverse mounted to it, to slide along the length of the
frame, as long as the 4 in traverse does not run into either end of the frame. The 4 in traverse
mounted to the 18 in traverse by means of a 90̊ plate which is on one side bolted to the carriage
of the 18 in traverse while on the other side the 4 in traverse is held in place by two cleats. If the
cleats are loosened, the four inch traverse may be raised or lowered as needed. Figure 63 shows
the traverses mounted on the frame and a tracker in the test stand.

Figure 61: Frame and attach plates
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(a)

(b)

(c)
Figure 62: Traverse attachment scheme (a) isometric view (b) front view (c) left view
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(a)
(b)
Figure 63: Frame with traverses mounted (a) left view (b) isometric view

3.3.2 Horseshoe Design
The radioactive source needs to be on the opposite side of the straws from the scintillator
and SiPM. The bounds are shown in Figure 55 (b). A component that can reach over, around,
and into the manifold while being moved by the traverses is what is required. A further requisite
feature is that somehow the radioactive source and the collimator in front of it should have the
capability to be finely adjusted. This is to ensure that the collimator in front of the source is
aligned with the collimator in front of the scintillator. If the two collimators aren’t aligned then
the emissions from the source have a limited number of paths to reach the detector on the other
side of the straws, increasing the time necessary for verification testing. The alignment of the
collimators can be checked by looking at the number of hits the detector sees. If beam is shot at
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the detector and the position of the beam is adjusted, then when the response from the SiPM is
the greatest, that is the position at which the collimators are as aligned as they can be.
Considering these specifications and while working to avoid collisions, the following
design was developed. Due to its shape somewhat resembling a horseshoe, it came to be known
as ‘the horseshoe’ in conversation. This component is shown in Figure 64. The four holes on
the top are to secure it to the carriage of the 4 in traverse. The purposes of the pins, holes and
protrusions on the left side of the image will be discussed in section 3.3.3.

Figure 64: Horseshoe design

The orange devices are Newport 450-A linear ball bearing stages. An image of a real
stage is shown in Figure 65. Many different stages were looked at and attempted to be
incorporated into this design, but this stage was the only one that was found to be practical to
mount due to the holes shown on the left side of the image. When two 450-A linear stages are
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coupled together, their combined thickness was smaller than most integrated x-y stages, which
was important since in this design, smaller tends to be better. This stage can travel 6.35 mm (1/4
in) and support 6 lbs [26]. Both of those are adequate for this design. Figure 66 shows how the
stages will mount to the horseshoe arm and the horseshoe body. Ideally, the horseshoe would
not be so thick (25.4 mm), but having this thickness is the only way to mount these stages. The
width of the arms, which can be seen to be different, needs to be optimized. Future design work
will be done to optimize these thicknesses. The overall length of the horseshoe is 217 mm.

Figure 65: Newport 450-A linear stage
[26]

(a)

(b)
Figure 66: Horseshoe arm and fine adjustment.
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3.3.3 Source and Detector Holders

Since two types of radioactive sources are intended to be used, the source holder must be
able to accommodate both. The Fe-55 source is a capsule 15 mm in diameter, 5 mm thick and
unthreaded. The Sr-90 source is a capsule 8.33 mm in diameter, 7.87 mm long and has 3/8-16
(the manufacturer design the source case is in inches) threads along the length. Because of the
different sizes and for radiation safety purposes, the same holder cannot be used for two sources.
After much trial and error and consideration of the specifications that the collimator should be 10
mm from the straws, rotate +/-7.5˚, and that the beam should be as close to the ends of the straw
tips as possible, the following design was devised. A visual representation of the space
constraints is shown in Figure 67. The collimator must be 10 mm away from the straws. The
horseshoe arm was chosen to be 5 mm away from the manifold, so the overall length of the soure
holder has to be 17.8 mm.
The source holder was designed with four parts: the back, the source, the front, and the
cap. These parts are shown from left to right in Figure 68. The design shown is for the Fe-55
source. To accommodate the Sr-90 source, the dimensions of the hole in the back of the front
piece need to be slightly adjusted.
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Figure 67: Source holder position constraints

(a)

(b)

(c)
Figure 68: (a) Source holder assembled (b) Source holder exploded view front (c) Source
Holder exploded view back
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The odd shape and the hold pattern on the back are to allow to the rotation of the
collimator while keeping the beam as close to the ends of the straw inserts as possible. Figure 69
compares the beam position of a circular source holder and the oddly shaped source holder. The
circle is 25.4 mm in diameter to accommodate the source holder and screw holes. It was decided
that the components could get within 2 mm of the bottom of the manifold. If that is the case,
then the center of the beam in the circular source holder can get 10.1 mm away from the ends of
the straw inserts. If the oddly shaped source holder is used, then the center of the beam can get 6
mm away from the straw inserts. This position is important because the closer the beam can get
to the top and bottom of the wires the more accurately the angle of the wire can be known. If a
rectangle is used as the shape of the source holder, then the distance from the center of the beam
to the straw inserts is about 8 mm. Since the goal in general is to make the distances between the
beam and the straws as small as possible, the oddly shaped source holder was chosen since it can
get the beam the closest to the desired spot.

(a)
Figure 69: Comparison of source holder shapes

(b)
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The hole pattern on the back allows the back of the source holder to be slipped onto the
two pins on the horseshoe arm. The bottom pin will always be in the center hole. The upper pin
will be in top or bottom depending on which angular orientation is desired. This is demonstrated
in Figure 70. The holes and the pins will be dimensioned to be slip fits, allowing the source
holder to be slid on and off to change its orientation, and be held in place once it is in position. .

(a)
(b)
Figure 70: (a) +7.5˚ collimator orientation (b) -7.5˚ collimator
orientation

The other side of the horseshoe is required to hold an adjustable collimator, a scintillator
and a SiPM with a readout board. The SiPM and readout board that was selected by the
physicists is a Sensl MicroFJ-SMPTA-30035, shown in Figure 71. The board is 14 x 9 mm and
the SiPM, the black square in the middle of the board, is 3 x 3 mm [24].
The scintillator must completely cover the SiPM, so it must have a cross section of 3 x 3
mm. Scintillating material is available at NIU to meet these requirements. The length is allowed
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to be as long it needs to be, but as with most things in this design, the shorter the better.
Considering this information, the following design is being suggested.

Figure 71: Sensl MicroFJ-SMPTA-30035 SiPM Readout board [24]

Together the scintillator, SiPM, and readout board are referred to as the detector. Figure
72 shows the detector from various perspectives and attached to the horseshoe. The violet
segment is the scintillator, the red segment is a 4 x 5 x 10 mm bar of aluminum used to bolt the
detector to the horseshoe. The cylinders sticking up are leads to which wires that travel to a data
acquisition system must be soldered.

(a)
(b)
(c)
Figure 72: (a) Detector assembly isometric view (b) Detector assembly front view (c)
Detector assembly attached to horseshoe
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The detector side collimator is a block of aluminum 4 mm thick with a 1 x 3 slit at 7.5˚
cut in the center. On either side of the collimator are two holes which are to be slip fits with the
pins that are to have an interference fit with the horseshoe. A clearance hole is above the
collimator. While the slip fit holes are there to align the collimator properly, this hole is only
there to allow a screw to prevent the collimator from falling off. The angular orientation of the
collimator can be changed by removing the screw and flipping the plate around. Behind the
collimator is a 4 mm diameter hole through which the beam can travel to the scintillator. This
setup is shown in Figure 73.

(a)
(b)
(c)
Figure 73: (a) Detector side collimator and horseshoe arm (b) Detector side
collimator +7.5˚ (c) Detector side collimator -7.5˚

The horseshoe, fine adjustment, source holder, detector, and collimator assembly is
shown in Figure 74. A CAD model from several perspectives of the entire proposed test stand is
shown in Figure 75 and Figure 76.
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(a)
(b)
Figure 74: (a) Complete horseshoe/source/detector assembly from view (b) Isometric view
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Figure 75: Side and Front View of test stand
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Figure 76: Isometric View of test stand

3.4 Repeatability Study and Testing

The effectiveness of this design can only be evaluated when it has been fully built, tested,
and a tracker passes through it with no damage. Due to the timeline of this thesis, the horseshoe
and the source, collimator, scintillator, and SiPM holder designs have not been finalized.
Without these components, it is not possible to evaluate the efficacy of the design at this time.

3.4.1 Repeatability
In an attempt to verify Velmex’s specifications concerning the accuracy and the
repeatability of the traverses, measurements of the movements were taken using a traveling
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microscope. It was found that the measurements taken with the traveling microscope could be
reproduced to within 10 microns. This was the main limitations in the uncertainty
measurements. It was found that the carriage on the traverse move 6.3 +/-0.4 microns per step.
This measurement was obtained by turning the motor 100 steps in 10 step increments, 1000 steps
in 100 step increments, and 10,000 steps in 1000 step increments. The measurements from each
of these trials were then averaged to find the distance per step. Next, it found that if the carriage
approached the same spot from the right or left, it would reach that spot to within 10 microns.
This showed that the carriage does not have hysteresis in the motion or backlash in the
positioning screw. Velmex quotes the repeatability to be 0.0001 in, or 2.54 microns. Since the
measuring equipment available can only measure to with 10 microns, it isn’t possibly to
comment on the verification of the repeatability [22].

3.4.2 Next Steps
The next steps in finishing the design of the test stand are to finalize the designs of the
individual components of the beam detector system, manufacture and assemble them, fabricate a
‘dummy’ tracker, do several test runs to ensure that the system moves in the expected way and
will not damage anything, and lastly test a tracker.
There is still some time before a tracker arrives at Fermilab, but that time is limited. The
manufacturing and instrumentation of Module 00 was completed in mid-May at the University of
Liverpool. It has not yet been determined when it will be shipped to Fermilab [27].
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3.5 Summary of design

In summary, this design, which is partially manufactured and the remaining components
are being finalized, meets the specifications set forth above. If this design is used, then the path
of the beam through the system is as follows. It starts from the source, goes through 1mm of air,
4mm of an aluminum collimator, 10 mm of air before it hits a straw, 2.5 mm of argon-ethane gas
to the sense wire, 2.5 mm argon-ethane gas to the outer straw wall, 0.196 mm of air until the
second straw, 2.5 mm from the second straw wall to the second sense wire, 2.5 mm from the
sense wire to the straw wall, 10 mm of air from the second straw to the third straw, 2.5 mm from
the straw wall to the sense wire, 2.5 mm from the sense wire to the straw wall, 0.196 mm of air
to the fourth straw, 2.5 mm from the straw to the wire, 2.5 mm from the wire to the back of the
straw, 10 mm of air to the second collimator, 4 mm through an aluminum collimator, and finally
19.965 mm of air to the scintillator. With these distances, depending on how the tracker is
scanned and how much data is taken, then particle trajectory simulations suggest that a full scan
of the tracker would take between 35 and 70 hours, giving a 10-20 micron uncertainty in the x
position of the wire and an angular uncertainty of 0.2-0.4 milli-radians. However, these
uncertainties are due only to the particle physics of the system and do not incorporate the
uncertainties in position due to the traverses and other mechanical components of the system.
Testing the system will confirm the amount of time necessary to complete a quality check on
each tracker module [22].
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CHAPTER 4: CONCLUSIONS

Several conclusions concerning the operation of a muon beam tracker can be drawn as a
result of the work done for this thesis. First, it was shown that in order for a tracker to work
properly, the presence of a carbon fiber structural support is necessary. In conjunction with the
simulations that showed this, compression tests of two different types of carbon fiber were done
to demonstrate that the material will not fail during the lifetime of a tracker. It was shown that
the woven carbon fiber has a higher modulus of elasticity than the pultruded carbon fiber. Due
to the vendor not stocking carbon fiber posts with smaller dimensions, no optimization of the
dimensions of the post needed to be done. Secondly, it was shown that deformation of the
tracker due to the insertion and removal forces of an ASDQ card is small enough to be of no
concern, assuming the tracker is secured as it was in the finite element analyses. Thirdly, a
quality control test stand design was partially manufactured and the remainder of the design is
near the final stage of planning. Particle trajectory simulations suggest that the positions of the
wires can be known to within 10-20 microns, however hardware limitations may increase that
number. Testing will need to be done to test this prediction.
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